The main objective of this study was to examine the relationships between wet meadow plant communities of Molinon alliance and their environmental conditions in Slovenia. The ecology of these communities was analysed in detail. The study provides the data on the vegetation and environmental parameters, the significance of parameters for the plant species composition, most important environmental gradients and differences between plant communities. In all plots the vegetation was recorded and soil parameters were analysed (pH, plant-available P and K, Nt, organic C, C/N ratio, exchangeable Ca 2+ , Mg 2+ , K + , Na + , H + , electrical conductivity, base saturation). Other conditions were also considered (e.g., mean annual temperature and precipitation, humidity index, mean Ellenberg moisture and nutrient value) to test possible correlations as well. Vegetation was classified by means of multivariate cluster analysis, while vegetation-site relationships were examined with direct gradient analysis (CCA). Six associations from the Molinon alliance (Selino-Molinietum, Plantagini altissimae-Molinietum, Carici davallianae-Molinietum, Gentiano-Molinietum litoralis, Junco conglomerati-Betonicetum and Sanguisorbo-Festucetum commutatae) were identified and analysed. Soil reaction was identified as most significant environmental parameter explaining the variation of the studied vegetation. There are several statistically significant differences in site conditions between the communities (pH, moisture, nutrient status, Ca 2+ ). The studied associations represent clearly defined ecological units.
Introduction
Wet meadows and other similar wetland-types have been the object of several studies throughout Europe in the last years (Hájek & Hájková 2004; Havlová et al. 2004; Hölzel & Otte 2004; Hrivnák 2004; Botta-Dukát et al. 2005; Grootjans et al. 2005; Stančić 2005; Zelnik 2005a,b; Hájková et al. 2006; Havlová 2006) , since the threat to the biodiversity of these ecosystems is still increasing and numerous sites have been destroyed, respectively.
Meadows of the alliance Molinion Koch 1926 are found in nutrient-poor soils (Hölzel & Otte 2004) , which may dry up during the summer (Botta-Dukát et al. 2005) . They thrive on permanently to alternatively wet soils, which are acidic, or alkaline (Ellmauer & Mucina 1993) .
These oligotrophic ecosystems need management, which should be neither excessive nor lacking in its intensity (Ellmauer & Mucina 1993) . In the last decades a decrease in biodiversity of wet meadows due to intensified agricultural use, namely the use of fertilizers has been discovered (Ellmauer & Mucina 1993; Joyce 2001; McCrea et al. 2001) .
Knowledge of the plant communities enables us to forecast the likely changes in floristic composition after changes of site factors (Grevilliot & Muller 2002) . Nutrient availability and water regime are considered to be the most important factors determining the structure and properties of wet grassland vegetation (De Mars et al. 1996; van Duren & Pegtel 2000) .
But detailed studies of their environmental conditions (vegetation types, floristic composition) can only be made at a restricted number of sites (e.g., Grootjans et al. 1996; Banasova et al. 1998; Jarolímek et al. 2000; van Duren & Pegtel 2000; Joyce 2001; McCrea et al. 2001; Olde Venterink et al. 2002; Wassen et al. 2002; Grootjans et al. 2005; Zelnik 2005a) .
Large-scale studies of the relations between environmental conditions and wet meadow vegetation are rare. They are mostly performed on a level of the state or larger region (e.g., Blackstock et al. 1998; Schaffers 2002; Hájek & Hájková 2004; Zelnik 2005b) The aims of this study were to examine the relationships between wet meadow communities of Molinon alliance and their environmental conditions in Slovenia and to answer the following questions:
-Which environmental parameters significantly influence the plant species composition of the wet meadow vegetation and explain the largest part of their variation?
-Which are the statistically significant differences in environmental parameters between wet meadow communities? 188 I. Zelnik & A. Čarni -Does the multivariate cluster analysis, based on species cover-abundance value only, match with the results of direct gradient analyses?
Material and methods

Study area
The meadows were investigated across the majority of the state, in the continental part of Slovenia within the range of 200 km from the western border of Dinaric region to the eastern border of the state, which is in the Pannonian region (from 14
• 10 to 16
• 20 E, from 45
• 40 to 46
• 50 N). There is a strong gradient in annual precipitation from the SW to NE part of the studied area. In the SW part the climate is more humid with an annual precipitation of 1500 mm, but in the NE part, which is the driest part of Slovenia the annual precipitation is 800 mm (Zupančič 1995) . There is also an altitudinal gradient which reflects in mean annual temperatures, as some plots can be found at about 152 m and others 680 m a.s.l., but the majority is found between 200-500 m. The plots were selected in order to cover the majority of the environmental gradients in wet meadows of the alliance Molinion, which were discovered in Zelnik (2005b) .
Vegetation analysis
Grassland vegetation was investigated according to the standard Central European method (Braun-Blanquet 1964; Westhoff & van der Maarel 1973) . The cover-abundance values were transformed according to van der Maarel (1979) . Vegetation relevés were made between the years 2001 and 2004; the size of plots varies from 15 to 25 m 2 due to microtopography. Nomenclature of ferns and flowering plants follows Ehrendorfer et al. (1973) .
Similarity analyses of the relevés were carried out using the computer program SYN-TAX (Podani 2001 ); a hierarchic classification method (UPGMA) was performed. Dissimilarity of relevés was measured with Similarity ratio complement. Rare species were not excluded from the analysis. Clusters of relevés were classified into syntaxa according to Ellmauer & Mucina (1993) as well as local studies (Zelnik 2005a (Zelnik , 2005b . The calculation of the Shannon-Wiener diversity index and mean Ellenberg moisture values (MV) and nutrient status values (NV) (Ellenberg et al. 1992 ) was made using the programme JUICE 5.1 (Tichý 2002) . Mean indicator values were calculated on the basis of presence, following Dierschke (1994); ter Braak & Wiertz (1994) ; Šilc & Čarni (2005) .
Soil sampling and laboratory methods
The soil samples were taken from a depth of 0 to 15 cm on 37 plots, where relevés had been done before. The samples were always taken in November to make results comparable. The composite soil samples were air-dried at 35
• C to constant weight and ground prior to analyses, which were done in accordance with standard methods. Soil reaction (pH) was measured in 0.01 M CaCl2 solution. Organic carbon (C) was determined using modified Walkley-Black method, by oxidation in a solution of K2Cr2O7 in excess and H2SO4. Total nitrogen content (Nt) was determined according to the modified Kjeldahl method with TiO2 as the catalyst. Plant available phosphorus (P) and potassium (K) were determined with methods suggested by Hoffman (1991) using the calcium-lactate-acetate extraction; phosphorus was determined with colorimetric method using the molybdenum blue staining, while potassium was measured using flame spectrophotometer. Exchangeable basic cations (Ca 2+ , Mg 2+ , K + , Na + ) were extracted with the ammonium acetate and were determined with atomic absorption spectrophotometer, while H + was extracted with BaCl2 and determined using the titration method. Base saturation (BS) is calculated as the ratio between basic cations and all measured exchangeable cations. Soil texture and proportions of clay, silt and sand particles, respectively, was determined with the sedimentation pipette method. Specific electrical conductivity of the soil (EC), which indicates the content of all water-soluble electrolytes in a soil, was measured in water.
Climatic data
Data for mean annual precipitation (precipitation) and mean annual temperature (Tm) for relevé locations were taken from climatic maps of Slovenia (Zupančič 1995; Mekinda-Majaron 1995) so they were quite rough according to other measured parameters. In general there is a strong gradient in the amount of precipitation towards the eastern parts and the lower altitudes, but the precipitation does not provide a reliable measure of the moisture that is available to plants. So we used humidity expressed by the aridity/humidity index of de Martonne, which is calculated as P/(Tm +10), where P is the annual precipitation in mm and Tm is mean annual temperature in
Analysis of vegetation-site relationships DCA was used for exploratory data analysis, which was performed with CANOCO 4.02 (ter Braak & Šmilauer 2002) . Rare species were not excluded from the analysis. Correlation coefficients between the variables and the main ordination axes were calculated (weighted correlation). Relationships between site conditions and vegetation were analysed using the direct gradient analysis (CCA), which was also performed with CANOCO 4.02 (ter Braak & Šmilauer 2002) . Eigenvalue for the first DCA axis is greater than 0.4 and indicates strong unimodality (ter Braak & Verdonschot 1995), so we chose CCA, which provided separation of the relevés along the environmental gradients. Separate CCAs were used to test significance of influence of each environmental variables and their explanation of species composition variation, respectively. The analysis was run with scaling for inter-sample distances, biplot scaling to relate gradients in floristic composition to the explanatory variables (ter Braak & Šmilauer 2002) . We used the unrestricted Monte Carlo test with 9999 permutations to test the statistical significance of the variables and canonical axes. Forward selection of explanatory variables was used to provide a ranking of the relative importance of the specific variables (ter Braak & Šmilauer 2002) . In case of p > 0.05 the variable was excluded from the further analysis. Another CCA was done with subset of selected variables only (see Čarni et al. 2007 ) and ordination of the relevés was made. Significance of the CCA axes and their correlations with environmental parameters were calculated.
Normality for each variable was tested with Kolmogorov-Smirnov test, while homogeneity of variance was tested with Levenne test, using the software Statistica. Some of the variables were not normally distributed so the data were square-root transformed. Since the climatic variables were still not normally distributed, Kruskal-Wallis ANOVA on ranks was used to test the significant differences between the associations. For the most important variables, the significance of differences between communities was tested with one-way ANOVA and post-hoc Student-NewmanKeuls test, since these variables met the assumptions for ANOVA.
Results
Floristically defined wet meadow communities
The dendrogram (Fig. 1) shows the clustering of the relevés according to floristic composition. Two major groups with the highest level of dissimilarity separated relevés from acidic and base-rich sites. Both larger clusters are divided further in three smaller clusters with lower level of dissimilarity. All these six clusters were classified into six different associations. Their floristic composition and/or characteristic and most common taxa are presented in Ta (Table 1) .
Environmental gradients
Firstly a DCA ordination was made on the basis of species data. Results of detrended correspondence analysis (DCA) are presented in Table 2 . Eigenvalues for the first two axes are 0.456 and 0.278, respectively. The first two axes explain 19.3% of variance of the species data variation and 43.1% of variance of the speciesenvironment relation.
The first DCA axis shows a strong correlation with pH (Table 2) and related parameters such as base saturation (BS) and basic cations content (Ca 2+ , Mg 2+ , K + , Na + ) respectively, EC as well as N t content. The second DCA axis with much lower eigenvalue, but still indicating strong gradient, significantly correlates with NV and MV, but negatively with silt content.
Separate CCAs revealed that all measured variables except C/N ratio and clay content significantly influence floristic composition (Table 2) . Analysis with forward selection provided a ranking of the relative importance of the specific significant variables (Table 3) . Unrestricted Monte Carlo permutation tests were carried out.
Another CCA was done with these six variables (Table 3 ) and an ordination was created (Fig. 2) . These variables explain about 46.8% of the total variation of the data set, whereas all other variations seemed to be noise. First two ordination axes explained 17.8% of variance of the species data and 54.4% of the total variation in species-environment relation.
According to eigenvalues in DCA and CCA (Table 4) the gradient along the 1 st axis is very strong. Since the correlation of the pH with the 1 st axis (Table 4) was the highest again and the greatest part of TVE was at pH (Table 3) , we discovered that the sep- aration of the relevés was the strongest along the pH gradient. The first axis (Fig. 2) represents the acidity gradient. It enables the separation of the plots into the , K + , Na + , H + content, Nt = total N content, EC = specific electrical conductivity, C = organic C content, sand = sand content, Humidity = de Martonne aridity/humidity index, Precipitation = mean annual precipitation, silt = silt content, P 2 O 5 = plant-available phosphorus, K 2 O = plant-available potassium, clay = clay content, C/N = C/N-ratio, MV = mean Ellenberg moisture indicator value, NV = mean Ellenberg nutrient indicator value, significance (*** = p < 0.001, ** = p < 0.01, * = p < 0.05, n.s. = not significant). group of acidophilic communities on the left-hand side and into the group of basophilic communities on the right-hand side (Fig. 2) . The second axis represents the humidity gradient (Table 4) , while the third and the fourth axes represent the gradients of phosphorus availability and/or soil texture. The sampling plots in the ordination diagram (CCA) were segregated according to communities (Fig. 2) as well as the sub-alliances defined on the basis of hierarchical classification of the relevés (Fig. 1) and also correspond to the traditional method:
% TV
(1) Sa-F -Sanguisorbo-Festucetum with most negative scores along the first axis and the second axis (i.e. the lowest pH and the driest climate); (2) Jc-B -Junco-Betonicetum with negative scores along the first axis (low pH) and negative along the second axis (dry climate); (3) Gp-Ma -Gentiano-Molinietum litoraliswith negative scores along the first axis (low pH) and intermediate along the second axis (moderate climate); (6) Cd-M -Carici-Molinietum with the highest scores along the first axis (the highest pH) and moderate humidity;
Differences between vegetation types in environmental factors
Significance of the differences in parameters between the associations was calculated with Kruskal-Wallis test. All of the differences are significant, except for Table 5 . Environmental variables for specific wet meadow communities. Values are medians. N is the number of sampling plots within each association. p -significance of differences between the associations in Kruskal-Wallis test (*** = p < 0.001, ** = p < 0.01, * = p < 0.05, n.s. = not significant). Abbreviations of community names: see Table1. C o m m u n i t y 1 2 3 4 5 6 Abbreviated name (Table 5 ). The most important environmental factors that correlate with the different DCA axes and meet the assumptions for ANOVA were chosen and tested with one-way ANOVA and post-hoc StudentNewman-Keuls test. Parameters, which strongly correlate with different DCA axes provided the significant differences between all of the communities, which are shown with post-hoc tests (Fig. 3) . We used pH gradient for arrangement of the vegetation types in further analyses. One-way ANOVA revealed that differences in mean pH values are very highly significant between the six communities. Post-hoc Student-Newman-Keuls test showed significant differences between most of the groups arranged along the acidity gradient (Fig. 3a) . Means failed to be significantly different only between communities Sa-F and Jc-B as well as Se-M and Pa-M.
Post-hoc test revealed the significant differences in means derived from NV between several groups (e.g. between the communities Se-M and Pa-M) (Fig. 3b) . This variable in general represents another gradient, which has the lowest correlation with acidity gradient, as can also be seen in Table 2 .
In some cases the differences in means derived from MV between the communities were great enough to be statistically different: Sa-F and Jc-B, Jc-B and Gp-Ma (p < 0.05), so acidophilic communities are efficiently separated (Fig. 3c) .
Although the co-variability of exchangeable Ca 2+ content with pH is highly significant it provides additional significant differences between the studied communities (Fig. 3d) , especially within the basophilic communities.
On the contrary, post-hoc tests revealed no statistically significant differences between the groups in the case of available P and silt content, despite their non-colinearity and significant influence (Table 3) on floristic composition (p = 0.004. and p = 0.006).
Discussion
Floristically defined wet meadow communities Vegetation relevés were classified with hierarchic cluster analysis to find the structure of the data and separation of the relevés according to their similarity. The six smaller clusters with lower level of dissimilarity corresponded to the wet meadow plant associations belonging to Molinion alliance and were classified according to Ellmauer & Mucina (1993 ) Sburlino et al. (1995 Zelnik (2005a,b) . These clusters were also classified in two higher units and larger clusters, respectively, that corresponded to the sub-alliances (Dierschke, 1990) . Further analyses confirmed the differences in ecology between communities. The systematic of the Molinion alliance is very complicated and unclear (Ellmauer & Mucina 1993) . Dierschke (1995) suggested division on two sub-alliances:
-Junco-Molinienion Korneck 1962 is a suballiance of acidophilic associations. This kind of vegetation is most often under the influence of base-poor stagnating rainwater and run-off water, respectively.
-Selino-Molinienion Nowak in Dierschke 1990 is a sub-alliance of mesophilic and basophilic associations. These communities are more or less under the influence of base-rich groundwater.
The delimitation between acidophilic and basiphilic vegetation of Molinion meadows was also reached by formal classification done by Havlová (2006) , who classified all the vegetation types in just two associations, but we used the mentioned sub-alliances and we also classified the relevés into six associations (1 Sa-F, 2 Jc-B, 3 Gp-Ma, 4 Se-M, 5 Pa-M, 6 Cd-M) and tested them for statistically significant differences in ecological factors. Fig. 2 shows the segregation of the relevés into communities and their correlations with environmental gradients, while Fig. 3 shows the significant differences between the wet meadow communities.
The acidic soils where acidophilic communities were recorded were mostly found in the areas, which are not humid enough for Molinia caerulea to be a dominant species. This is also the reason for the absence of the association Junco-Molinietum caeruleae, which is replaced with other associations.
The association Sanguisorbo officinalis-Festucetum commutatae Balátová 1959 with dominant Festuca rubra agg., is found in the eastern part of Slovenia (Zelnik 2005b) , where the climate is most arid and conditions are similar to the other regions on the edge of Pannonian plain. This vegetation type was documented in Austria (Ellmauer & Mucina 1993) in Slovakia (Banásová et al. 1998) and Czech Republic (Botta-Dukát et al. 2005) .
The association Junco conglomerati-Betonicetum officinalis Zelnik 2005 with dominant Betonica officinalis is found in southeast and east Slovenia (Zelnik 2005a,b) .
The association Gentiano pneumonanthes-Molinietum litoralis Ilijanić 1968 with dominant Molinia arundinacea is found in southeast, central and east Slovenia (Zelnik 2005a (Zelnik , 2005b , as well as in the whole Pannonian basin and its adjacent regions (Ellmauer & Mucina 1993; Botta-Dukát et al. 2005 ). This association was described in the Pannonian plain where it was found on the acid and neutral soils (Ilijanić 1968) .
Other group of associations, which are more or less basophilic have the same dominant species Molinia caerulea. These communities were recorded on base-rich soils in the areas with higher amount of precipitation (Zelnik 2005b) .
The association Selino-Molinietum caeruleae Kuhn 1937 is the central association of the alliance Molinion and corresponds to the community Molinietum caeruleae Koch 1926 (Ellmauer & Mucina 1993; Zelnik 2005b) , which is not efficiently defined. This community is found all over central Europe.
The association Plantagini altissimae-Molinietum caeruleae Marchiori & Sburlino 1982 is found in the western part of studied area, where the climate is most humid and this is the main ecological difference with communities of the alliance Deschampsion, which thrive in the areas with more arid climate. This association is found also in northern Italy (Sburlino et al. 1995) .
The association Carici davallianae-Molinietum caeruleae Zelnik 2005 is transitional to fen vegetation, but its floristic composition is still much richer in meadow species, which also dominate the stands. This 
Floristic gradients and environmental parameters
Variance of floristic composition is best explained by the following environmental variables: pH, BS, T m , Ca 2+ , Mg 2+ , N t , EC (Table 2) . But the vegetation variation is most efficiently explained by the following non-colinear variables (Tables 3, 4) : pH, mean annual precipitation and temperature, de Martonne index of humidity, plant-available P and silt content. Forward selection of variables was used to avoid the co-linearity as suggested by Hudon et al. (2005) . These variables enable the segregation of the relevés in CCA ordination (Fig. 2) . Some of those parameters are significantly different between the studied communities what proves that they are also ecologically different.
Floristic composition is most strongly affected by pH (16.2% of total variance). Hájek & Hájková (2004) came to the same result for Calthion meadows in Czech Republic, while Blackstock et al. (1998) found this for Molinia meadows in Wales.
The first ordination axis (DCA, CCA) was most strongly correlated with acidity-alkalinity gradient (Table 2). Hájek & Hekera (2004) 
2+ , pH and EC could be used to characterize the acidity-alkalinity gradient, which had a primary role in segregation of the plant communities and of these pH also explains the largest part of the vegetation variation (Hájková et al. 2006) . Other important gradients for the wet meadow vegetation, beside the acidity are humidity and nutrient gradient (Tables 2, 4). Plant communities obtained by the hierarchical classification occupied a defined position along the acidity and humidity gradients in ordination (Fig. 2) .
Mean annual precipitation and temperature, and humidity index explain much of vegetation variation since they represent the climatic complex of variables. Botta-Dukát et al (2005) estimated that in CentralEuropean wet meadows climatic factors explain smaller amount of the variation in species distribution than do soil parameters. In wet conditions edaphic factors have the primary importance in driving plant distributions (Kluse & Allen Diaz 2005) .
Plant-available P is the most important measured nutrient in determining plant species composition (Härdtle et al. 2006) . It is negatively correlated with biodiversity what coincides with the fact that its high contents inhibit species richness (McCrea et al. 2001) . Average available P contents of the communities range from 0.4 to 3.15 mg/100g (Table 5) , which is low enough to support species-rich meadows (McCrea et al. 2001) . Available P could most probably harm the high biodiversity of this vegetation in case of fertilization of the meadows.
The silt content also influences the variation of plant species data due to nutrient content of the soil -it negatively correlates with the basic cations and organic matter content mentioned parameters.
The selected six variables explained about of 46.8% of vegetation variation. Remaining variation could be explained by other non-measured parameters and by the facts that also the species-specific recruitment from the soil seed bank and its persistence has significant impact on structuring and maintaining the plant-species diversity in wet meadows (Hölzel & Otte 2004) . According to the results of DCA mean Ellenberg MV and NV efficiently illustrate the gradients in the studied vegetation (Table 2 ). We also found that MV was positively correlated with pH, precipitation, humidity, and negatively correlated with silt content.
We discovered a negative correlation between mean NV and the measured N t . Berlin et al. (2000) discovered that no changes in NV occurred after fertilization with nitrogen.
Differences between vegetation types in environmental factors
We considered the environmental factors that explain the vegetation variation significantly (p < 0.05). We chose parameters with the highest correlation with the first two DCA axes. We added MV and NV to the measured parameters, since they characterize additional site conditions, although indirectly on the base of floristic composition.
Acidity gradient or pH provides the most of the statistically significant differences between studied communities (see also Hájek & Hájková 2004; Hájková et al. 2006) . The correlated BS and Ca 2+ content enable similar distinction between these communities. This gradient also enables the separation of the two groups of communities that are classified as sub-alliances. Analyses showed significant differences between basophilic and acidophilic group of communities, which confirmed the sense of dividing this alliance into two sub-alliances Selino-Molinienion and Junco-Molinienion.
Mean MV defines significant differences between the communities as well, especially between the acidophilic communities Sa-F and Jc-B where the differences have not been explained by pH. Linkage between water regime, composition and distribution of herbaceous wetland plant communities has been documented many times (Wierda et al. 1997; Jarolímek et al. 2000; Wheeler & Proctor 2000; Wassen et al. 2002; Hudon et al. 2005; Schröder et al. 2005) .
Mean NV defines differences between the communities Se-M and Pa-M, which were also defined with Ca 2+ content. NV and MV confirm the essential importance of the nutrient status and moisture in determining the structure of the wet meadow vegetation.
The highest available P content was measured in the association Cd-M. This association represents the transition to fen vegetation, which is under the strong influence of groundwater rich in minerals and also in P. This explains high values and is also the reason why growth of fen vegetation is mostly N-limited (Keddy 2000) . In other studied communities rainwater is the main or even only source of moisture, which is very poor in minerals.
Studies of reference ecosystems enable prediction of the changes after the changes in the environmental conditions. This study provided information for conservation of wet meadows and for designing restoration measures.
